ABSTRACT. Reduced heart rate variability has been found in infants who later succumb to the sudden infant death syndrome (SIDS). To determine whether respiratory sinus arrhythmia, a major component of heart rate variability, is also reduced in SIDS victims, nighttime portions of eighteen 24-h recordings of ECG and respiration from infants who later died of SIDS and 52 recordings from control infants were assessed using spectral analysis. Two aspects of respiratory sinus arrhythmia were examined: "extent" (the absolute heart rate variation at the respiratory frequency) and "coherence" (the degree to which heart rate follows respiration regardless of the absolute amount of variation). Respiratory parameters were used to classify each 1-min epoch as quiet sleep, rapid eye movement sleep, waking, or indeterminate state. Median extent and coherence values across the night were then computed for each sleep-waking state. Two-way (group X state) repeated measures analysis of variance tests were then used to compare respiratory sinus arrhythmia values for 13 SIDS victims and 13 control infants matched by postnatal age, birth weight, sex, and gestational age. Extent of respiratory sinus arrhythmia was significantly lower in the SIDS victims across all sleep-waking states, a finding that persisted after adjusting for heart rate. Coherence values did not differ significantly. These results suggest that even before the time of maximal risk for the syndrome, SIDS victims, as a group, differ from controls in the extent to which cardiac and respiratory activity couple, and this difference is independent of basal heart rate. Varying conclusions have been drawn regarding the degree of cardiorespiratory dysfunction in SIDS, depending in part on the risk population studied (siblings of SIDS victims, "near-miss for SIDS" infants, symptomatic infants who subsequently died suddenly, or asymptomatic infants who subsequently died of SIDS), the control population used for comparative purposes (asymptomatic infants versus "high-risk" infants who did not die), the data selection used (selected epochs of minimal variability or regular breathing versus all nonartifactual minutes over a longterm recording), and the hypotheses being tested (group difference between SIDS and controls versus predictive marker). For the most part these investigations have not taken into account the profound effect of sleep-waking state on cardiorespiratory measures because the recordings available for study usually do not include EEG, electromyogram, and electrooculogram, the parameters traditionally used to classify state. We developed a computer-based procedure that classifies infant sleep-waking state based on cardiorespiratory data alone (1 l), and have applied this algorithm to data from the prospective study of Southall et al. (12) . We reported that when the data are partitioned by state and age, SIDS victims show higher heart rates in all states before 1 month of age, higher heart rates in REM sleep from 1-2 months of age, lower heart rate variability in waking before 1 month of age, and no difference in respiratory rate or variability in any state or age group (10).
REM, rapid eye movement ANOVA, analysis of variance A number of studies of the SIDS have investigated aspects of cardiac and respiratory activity, postulating that abnormal cardiorespiratory patterns may characterize risk for SIDS (1 -10).
Varying conclusions have been drawn regarding the degree of cardiorespiratory dysfunction in SIDS, depending in part on the risk population studied (siblings of SIDS victims, "near-miss for SIDS" infants, symptomatic infants who subsequently died suddenly, or asymptomatic infants who subsequently died of SIDS), the control population used for comparative purposes (asymptomatic infants versus "high-risk" infants who did not die), the data selection used (selected epochs of minimal variability or regular breathing versus all nonartifactual minutes over a longterm recording), and the hypotheses being tested (group difference between SIDS and controls versus predictive marker). For the most part these investigations have not taken into account the profound effect of sleep-waking state on cardiorespiratory measures because the recordings available for study usually do not include EEG, electromyogram, and electrooculogram, the parameters traditionally used to classify state. We developed a computer-based procedure that classifies infant sleep-waking state based on cardiorespiratory data alone (1 l) , and have applied this algorithm to data from the prospective study of Southall et al. (12) . We reported that when the data are partitioned by state and age, SIDS victims show higher heart rates in all states before 1 month of age, higher heart rates in REM sleep from 1-2 months of age, lower heart rate variability in waking before 1 month of age, and no difference in respiratory rate or variability in any state or age group (10) .
The purpose of the present study was to examine a component of heart rate variability, RSA, the respiratory-related modulation of heart rate that is manifested as an increase in heart rate during inspiration and a decrease during expiration. Diminution or absence of RSA has been documented in asphyxiated infants, in severe cardiac disorders, in diabetic autonomic neuropathy, and in a number of other disorders (1 [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In an unpublished study, we noted that the amplitude of RSA was reduced in siblings of SIDS victims during quiet sleep at 1 wk of age, and we wished to extend this investigation to infants who actually succumbed to SIDS. The present study therefore compared RSA in asymptomatic infants who subsequently became victims of SIDS and control infants, using the machine classification algorithm of Harper et al. (1 1) to partition the effect of sleep state, and spectral analysis procedures to assess RSA.
MATERIALS AND METHODS
Subject population. Twenty-four-hour recordings of cardiorespiratory data were acquired from 69 14 full-term infants born in three maternity hospitals in England during the period July 1980 to July 1981 (12) . Two recordings were made on most infants, one in the hospital during the first week of life (avoiding the first 24 h after birth) and one at home at a~~roximatelv 6 wk of age. In some cases, a single recording was obtained at home between 3 and 6 wk of age. Sixteen of the infants recorded subsequently died with a postmortem diagnosis of SIDS. Six of these infants were recorded twice, providing 22 recordings of infants who subsequently became victims of SIDS. From the remaining recordings, 66 were selected as being closely matched to the SIDS recordings in terms of age at the time of recording, gestational age, sex, and birth weight. These 88 recordings were provided to the Los Angeles investigators (K.A.K., V.L.S., and R.M.H.) by the British researchers (A.J.W. and D.P.S.).
In the course of conducting analyses of this data set (lo), we encountered recordings we could not analyze, primarily because the number of artifacts in the cardiac signal made our automated sleep state classification procedures (see below) untenable. Any recording in which our automated artifact detection and correction program (16) identified more than 30% of the 1-min epochs as containing uncorrectable artifacts in the cardiac R-R interval data was eliminated from analysis. A total of 18 of the 88 recordings were therefore excluded from analysis, four SIDS recordings and 14 control recordings. All the remaining 18 SIDS recordings (including duplicate recordings of five infants) and 52 control recordings (including three duplicates) were sleep staged and subjected to spectral analysis as described below. However, for purposes of statistical analysis, we eliminated one of each set of duplicate recordings and selected a single, best-matched control recording for each of the 13 remaining SIDS recordings, thereby providing the equal sample sizes necessary for a two-way (group x state) ANOVA. Selection of which of two duplicate recordings to use was neither random nor a consistent choice of the first or second recording; instead, we selected recordings so as to provide the best representation of the range of ages at time of recording (infants were recorded at 2-65 days of age, and we wished to have approximately equal numbers of infants above and below 1 month of age in our sample). Selection of the "bestmatched" control recording for each SIDS recording was made using the following criteria, applied in this order: 1 ) postnatal age & 1 day;' 2) birth weight & 300 g; and 3) same sex.' With three exceptions (noted in footnotes), all matched pairs met all three criteria. In cases where more than one infant met all the criteria, gestational age was also used as a matching variable, and infants who were most similar to the SIDS victims on all four matching criteria were selected for statistical analysis. All infants (SIDS victims and controls) had a gestational age of 37 or more wk and were considered to be full-term. The SIDS victims and control infants analyzed had comparable mean values for postnatal and gestational age and birth weight ( p > 0.05 in each case, t tests), and comparable proportions of males to females ( p > 0.05, x2; Table 1 ).
Signal processing. Cardiorespiratory data collected on each infant consisted of 24-h recordings of ECG and respiratory waveform as assessed by detection of abdominal wall movement (17) . Recordings of ECG and respiratory waveform, along with a 60-Hz crystal clock signal to correct for tape speed variation, were made on a Medilog 4-channel recorder (Oxford Medical Systems, Abingdon, Oxon, England). The ECG, respiration, and 60-Hz clock signals were transferred to ' /4 inch reel-to-reel analog tapes and then digitized using a PDP 11/73 computer. ECG signals were fed into a Schmitt trigger generator that produced a pulse for each R wave. Trigger event times were stored on digital tape along with the digitized analog signals. Cardiac interbeat intervals, calculated as the time between successive R waves, were computed to an accuracy of 2 ms. A peakltrough algorithm was used to detect breaths from the digitized respiratory waveform, and breath-to-breath intervals were subsequently determined. Median breath-to-breath intervals and interquartile ranges were determined for nonoverlapping 1-min epochs throughout each recording to provide measures of respiratory rate and variability. The R-R interval records were submitted to an automated artifact detection and correction program (16) that flagged as unusable 1-min epochs containing excessive artifacts. Epochs in which the median respiratory rate was excessively high or low (> 1 10 breathslmin or < 15 breathslmin) were attributed to artifact and similarly eliminated from analysis. In addition, epochs containing large transient changes in the R-R interval values3 were eliminated from further analysis because such transients contain broadband spectral energy that would result in a poor estimate of the spectral composition of the signal. The number and percentage of minutes that were excluded from analysis ("artifactual" minutes) for the 13 pairs of SIDS victims and matched control infants analyzed are shown in Table 2 .
Sleep state classification. We used a version of a recently developed automatic sleep state classification procedure (1 1) that requires only median respiratory rate and interquartile range to classify sleep state. This algorithm has an accuracy approximating that of two trained human observers using traditional sleep state scoring criteria (approximately 80% correct classification with respect to observer-assigned state codes). Because the discriminant function used to classify sleep state was determined from nighttime (1900-0700 h) recordings, only that portion of the prospective study data set was used. Each 1-min nighttime epoch was thereby coded as quiet sleep, REM sleep, waking, or indeterminate state. Table 2 shows the number and percentage of epochs that were classified as each state for the 13 SIDS victims and 13 matched control infants analyzed. Epochs that were classified as indeterminate state (6% overall) were excluded from further analysis. A total of 14,27 1 quiet sleep, REM sleep, and waking minutes were therefore evaluated in the comparison of the 13 matched pairs of infants, an average of 549 minlinfant.
We used a two-way (group x state), repeated measures AN-OVA (BMDP P2V) on the number of minutes classified as each state to assess whether the SIDS victims and control infants had comparable sleep state organization. This ANOVA showed no group effect [F(1,24) = 2.18, p = 0.151, but a significant group x state interaction [F(4,96) = 3.06, p = 0.021. A Newman-Keuls' test on the interaction identified a significant difference in the number of artifactual minutes only (SIDS victims had significantly fewer artifactual minutes, p < 0.05). We believe that this finding mav be related to the reduced bodv movement revorted ' In the case of one 2-month-old SIDS victim, a difference of 2 days was for SO&e ikants at risk for SIDS (1 8-20) , akhough not conhmed permitted in the matched control because the only control infant who met the + 1 day criterion weighed 930 g less than the SIDS victim and had a gestational age of ' A "large transient change" was considered to be a sudden change in the slope 37 wk (compared with 40 wk).
of the R-R interval curve such that Two exceptions were permitted where the only same-sex matches available I ARR.-I, I + 1 ARR. I > 180 would have violated the postnatal age and birth weight criteria.
where ARR = the difference between two subsequent R-R interval values (16). in other studies (21, 22) , and are continuing to investigate this possibility. Spectral analysis. Data input to the spectral analysis consisted of sampled curves of heart rate and respiratory waveform. The heart rate curve was constructed by linear interpolation between the reciprocals of successive R-R intervals. The resulting function was sampled at 16 samples/s, as were the raw digitized respiratory values. Both heart rate and respiratory waveform curves were demeaned, cosine tapered to reduce leakage, and prewhitened at a = 0.2 to reduce the contribution of slow variation in highfrequency bands.
For each 1-min epoch of data, the heart rate curve and the respiratory waveform were each subjected to spectral analysis, yielding 5 12 raw autospectral bands. The cross-spectra of heart rate and respiration were also calculated for these 5 12 raw bands. For increased stability, the mean of each group of four consecutive spectral coefficients was then determined, thereby "collapsing" four raw bands to one and yielding an effective frequency resolution of 0.06 Hz. We defined the peak in the respiratory autospectrum as the band in the range of 0.37 to 2.0 Hz (corresponding to respiratory rates between 22 and 120 breathslmin) with the greatest respiratory autospectral power. The heart rate autospectral and cross-spectral values for this band and one band on either side of it were used to compute RSA measures (Fig. 1) . We used three bands (total width of 0.18 Hz) to ensure that the total power of a fairly broad peak would be detected, even if the peak were asymmetric. Visual inspection of 400 spectral histograms indicated that these three bands included approximately 90% of the spectral energy of the respiratory peak in all sleepwaking states for both SIDS victims and controls.
Assessment of RSA. Two measures of RSA were used, as defined previously (23) . The first measure, "extent of RSA," assesses the absolute amount of heart rate variability at the respiratory frequency. For each minute, extent of RSA was calculated as the log of the summed power of the heart rate autospectrum in the three bands surrounding the peak in the respiratory autospectrum. The second measure of RSA assesses the proportion of heart rate variability at these frequencies that is attributable to respiratory activity, independent of the absolute amount of variability; this measure is designated the "coherence of RSA." For each minute, coherence of RSA was calculated as the cross-spectral coherence between heart rate and respiratory activity in the three bands containing the peak in the respiratory autospectrum. Cross-spectral coherence values range from 0.0 to 1.0 and are analogous to squared correlation coefficients between two variables (24) . Histograms of respiratory and heart rate autospectra for one quiet sleep minute from a 7-day-old infant. The peak in the respiratory autospectrum (three bands within dotted lines) was used to identify the RSA bands in the heart rate autospectrum (same three bands enclosed by dotted lines). Ordinate (power in arbitrary units) is shown as a linear scale; log power values were used in the calculation of extent and coherence measures.
From the minute by minute values of extent and coherence of RSA, we computed median values for each sleep state over the 12-h nighttime period for each infant. Median values were used instead of means to prevent distortion of the measure of central tendency by a few aberrant values. Two-way, repeated measures ANOVA tests (group x state; BMDP P2V) were then used to compare extent and coherence values of the 13 SIDS victims with those of the 13 control infants across sleep states. To determine if any observed differences were related to the increased heart rates seen in these SIDS victims (lo), we assessed the correlation of each RSA measure with heart rate, and repeated the analyses after correcting for heart rate effects (vide infra). Means and SE of extent (Fig. 4) and coherence ( Fig. 5 ) of RSA by state are shown for the 13 SIDS victims and the 13 matched control infants studied. A two-way, repeated measures ANOVA test identified a reduction in the extent of RSA for the SIDS victims across all sleep-waking states [significant group effect, F(1,24) = 7.20, p = 0.01; no group X state interaction, F(2,48) = 0.15, p = 0.861. There was no significant difference between the two groups for the coherence measure [F(1,24) = 1.0 1, p = 0.331. Table 3 presents the correlation of median extent and coherence of RSA with median heart rate in each sleep-waking state for the 26 recordings studied. Because of the inequality of ;egression coefficients between the two groups, partitioning of heart by the corresponding median heart rate squared (6, 25) . The rate effects could not be achieved by traditional analysis of group effect for this ANOVA was still significant [F(1,24) = 6.10, covariance procedures. Instead, we corrected for heart rate by p = 0.021. No consistent relationship between coherence of RSA dividing each infant's median extent of RSA value for each state and heart rate was found in these data ( Table 3 ) or in previous analyses of normal infants (23); therefore, we did not perform any correction of these values for heart rate effects.
DISCUSSION
These findings indicate that, as a group, infants who subsequently became victims of SIDS differ from control infants in having reduced extent of RSA. These findings cannot be interpreted to mean that low values on this variation measure are indicative of increased risk for SIDS, because the extent values of SIDS victims consistently fell within the range of control values. Nevertheless, extent values of SIDS victims, with few exceptions, fell below the mean of the controls' values, and the ANOVA demonstrates that this reduction is statistically significant across all sleep-waking states.
These findings therefore indicate that the difference in overall heart rate variability observed between control infants and infants who subsequently became victims of SIDS (10) may be further partitioned by source of variability. The difference observed was confined to the extent of RSA, rather than coherence. Respiratory and cardiac activity are therefore coupled in both groups, with similarly constant phase relationships. Because the difference in extent of RSA persists after correcting for heart rate effects, we conclude that this reduction in extent of RSA is independent of the heart rate difference previously reported (10) .
Our previous investigation of SIDS siblings (Harper RM, Leake B, unpublished data) indicated a reduction in extent of RSA during quiet sleep, but only during the first week of life.
Results of the present study demonstrate that in infants who become SIDS victims, reduced RSA persists at least into the second postnatal month and is found across all sleep-waking states.
Our finding of reduced extent of RSA in SIDS victims across all sleep states seems paradoxical in light of the previous finding of reduced overall heart rate variability (as measured by interquartile range) in SIDS victims in the waking state only (10) . However, RSA is typically superimposed on larger, lower frequency variations (associated with blood pressure, thermoregulatory mechanisms, or body movement) that have a greater effect on interquartile range than does RSA. We are continuing to examine the contributions of lower frequency variation to overall heart rate variability, and are exploring measures of beat to beat variability that may be more appropriate to this investigation.
The application of a sleep state classification algorithm developed on healthy control infants to infants who may manifest pathologic physiology is a potential source of concern. We are beginning tests of the algorithm to ascertain how robust it is in pathologic cases. For purposes of the present study, it was necessary to partition by sleep state to account for the large intrasubject variability introduced by state, and this algorithm provided the only ready means of state scoring. The algorithm is unlikely to have influenced our findings because the difference in extent of RSA was seen across all sleep states, and the percentages of time spent in each state were comparable for SIDS victims and controls (after the artifactual minutes were eliminated).
Cardiac and respiratory activity in another group of infants who subsequently died suddenly was investigated by Gordon et al. (3) . Indications for recording the eight sudden death victims studied were near-miss for SIDS events, choking spells, and/or the SIDS death of one or two siblings. These investigators confined their study to 256-s epochs in which there was regular respiration and minimal cardiac variability (probably quiet sleep, although no sleep staging was performed). These researchers found no difference in extent of RSA between the infants who died and the controls. The difference in our findings may be due to the use by Gordon et al. (3) of observer-selected epochs of minimal variability, compared with our analysis of all nonartifactual minutes over a 12-h period, as well as the major differences in the subject population. Gordon et al. (3) also reported a significantly increased dispersion of respiratory frequency (as assessed by manual calculation of respiratory autospectral bandwidth) in the victims. Enhanced respiratory rate variability has not been found in the SIDS victims studied here (4, 5, lo), only one of whom had suffered cynotic episodes before the recording. (This subject was not included in the 13 cases subjected to statistical analysis.) Moreover, Gordon et al. (6) were unable to confirm their finding of increased respiratory bandwidth in a similar study of the present group of SIDS cases.
The dependence of RSA on respiratory rate and tidal volume has been noted by several investigators (26) (27) (28) . An increase in respiratory rate or a reduction in tidal volume in SIDS victims could therefore account for the diminished RSA described here. No difference in respiratory rate has been reported for the group of SIDS victims studied here (4-6, 10). We were, of course, unable to determine tidal volume from infants instrumented only with an abdominal strain gauge; therefore, the diminished RSA values we reported for SIDS victims may result from reduced tidal volume, a costly but testable hypothesis.
Another factor that may contribute to reduced RSA is dysfunction of peripheral sensory receptors. Increased concentration of dopamine has been reported in the carotid bodies of SIDS victims (29) . Inasmuch as chemoreflexes mediated by the carotid body affect cardiovagal tone differentially depending on respira-tory phase (30) , anomalies of these chemosensitive transducers in infants at risk for SIDS may affect extent of RSA. Tne generality of the dopamine findings must be determined [particularly in light of the report by Lack et al. (3 I) ]; the implications for SIDS physiology, if the findings can be generalized to most SIDS victims, are far-reaching.
Infants subjected to birth asphyxia exhibit diminished respiratory-related heart rate variation during quiet sleep (REM sleep and waking were not examined) (1 3). SIDS victims and infants subjected to asphyxia may share a common mechanism of reduced RSA. This possibility, however, provides little help in the identification of that mechanism, because asphyxia can interfere with a large number of central mechanisms, many of which could contribute to diminished vagal efferent activity associated with RSA. An effort should be directed toward examining the mechanisms contributing to diminished RSA in asphyxia and determining whether similar factors operate in potential SIDS victims.
Our results indicate that particular cardiac variability signs found in infants who succumb to SIDS are present very early in life, and support earlier reports of disturbed physiologic activity in infants at risk for SIDS well before the time of maximal risk for the syndrome (2-4 months). Inasmuch as the variability differences are present as early as the 1st wk of life, some disturbance of prenatal development seems likely, and the mechanisms that result in later failure mav be detectable before developmental circumstances of maximai risk are attained. However, it should be reiterated that the results obtained in this study describe a group difference in respiratory-related heart rate variation. The findings should not be interpreted to mean that low values on this variation measure necessarily mean a risk for SIDS, because some control infants had similarly low values for particular states. Instead, the results should be used as a further impetus for examining particular aspects of autonomic function that might contribute to mechanisms of failure.
